Quantitative low-energy electron diffraction (LEED) has been used to determine the structure of the cubic CoS 2 (100)-(1×1) surface. The clearly favored structural model from the LEED analysis is the 1S -terminated (1×1) surface, in which the S-S dimer is intact and the terminal surface layer retains a complete S-Co-S sandwich structure. The surface S atoms move outwards towards the vacuum while the subsurface Co atoms move towards the bulk, by approximately 0.03 and 0.11 Å, respectively. In addition, the S atoms in the third sublayer relax outwards by about 0.12 Å, thus providing an indication of a stronger S-S dimer bond and a denser surface region. The complete atomic coordinates of the S-Co-S surface layers are determined in this analysis.
Introduction
Although undoped CoS 2 is far from an ideal half-metallic ferromagnet, with an electron spin polarization of about 56% as determined from point-contact Andréev reflection [1] , CoS 2 remains highly spin polarized with a Curie temperature in the range of 116 K to 120 K [2] . While the pyrite-type transition metal compound CoS 2 is known to be an itinerant electron ferromagnet, few studies have addressed the surface structure. An accurate determination of the surface structure is essential for understanding electron spectroscopy studies, as well as providing a starting point for modeling the interface properties, essential for modeling any spintronics device applications [3] . Photoemission is very surface sensitive, although few of the prior photoemission studies detail any effort at characterization of the surface structure or surface stoichiometry [4] [5] [6] [7] . The determination of the surface is important as the free enthalpy of the surface is generally very different from the bulk, so a simple truncation of the bulk structure is not generally the stable surface, as this is not a minimum energy surface. For most high polarization materials, the consequences of a high surface energy (even for a low index surface) are the existence of surface states, surface reconstructions, or surface segregation [8] .
LEED intensity versus voltage data, when complemented by dynamical scattering calculations, i.e. I(V) analysis, are a useful complement to photoemission band structure, since this provides an independent confirmation of the inner potential, as has been determined from the critical points of the bulk band structure in the companion paper [7] .
Experiment
The success of this work was made possible by the cleavage of sufficiently large CoS 2 (100) single crystals (mm in diameter). The crystals were prepared by chemical vapor transport, and have a well-controlled stoichiometry, as detailed in a previous publication [2] . These crystals, when cleaved, provide low energy electron diffraction (LEED) patterns characteristic of a highly ordered surface, as seen in Figure 1 . We have observed that when cleaving crystals in ambient air, LEED images are also possible following sample insertion into ultrahigh vacuum, while low energy electron beam irradiation improves the surface quality and reduces surface contamination of such surfaces. 3 The LEED experiments were taken in the same ultrahigh vacuum (UHV) chamber as the photoemission data, with a pressure of 1x10 -10 Torr. Surface composition and order are seen to be strongly dependent upon surface preparation, but the samples appear to be single crystals with no evidence of twinning or grain boundaries in the LEED or X-ray diffraction. The results presented here are restricted to stoichiometric surfaces, prepared by cleaving the crystals to prepare a new surface, and characterized by wave vector dependent photoemission studies [3] . Several sets of data were taken, for several sets of samples. The LEED intensities were obtained as a function of kinetic energy, using a CCD camera.
Computational methods
The multiple scattering LEED analysis was performed using an automated tensor LEED program [9] [10] , which is capable of very efficient surface-structure determinations.
Ordinarily, to proceed with a complex surface structure search, we need a computation effort that scales with N 3 , where N is the number of atoms in the surface unit cell. Thus it is desirable to use a scheme that will expedite the search and quickly explore a large volume of parameter space. Tensor LEED provides this approach. A full dynamical calculation is first performed for a guessed reference structure. The scattering amplitudes due to small movements of each atom on the surface are then calculated by using the first-order perturbation theory, as a linear function of the individual atomic scattering amplitudes. The method includes corrections from scattering by atoms surrounding the one displaced. Naturally, the utility of this approach depends on how far atoms can be displaced while maintaining the validity of first-order perturbation theory upon which tensor LEED analysis is based. Afterward, a steepest-descent searching algorithm is employed to seek the best structure amongst the potential models. During the search, approximated theoretical intensities are computed for different trial structures distorted from the reference structure in an efficient manner. Calculated intensities are then used to compare with the experimental data. Theory-experiment agreement was assessed using the Pendry reliability factor (R P ).
From the LEED pattern analysis, described later (vide infra), it is clear that we must address the glide symmetry present in this system. In the tensor LEED program, the glide symmetry is not fully considered. We cannot increase the speed of the calculations by inclusion of such symmetry consideration nor can we maintain the symmetry in the optimization of structure. Nonetheless, the correct symmetry must be retained when searching the best-fit structural models. Any other course could lead to an incorrect model and/or large errors. To resolve this problem, we employ a hybrid approach. We first perform a full dynamic calculation for the (starting) reference structure without glide symmetry. In this step, necessary tensors are produced for each atom in the surface region.
Then, in the second (optimization) step, we use the glide symmetry to restrict the adjustment of structural parameters. During optimization, only parameters of independent atoms are changed, and thus the positions of each atom in the surface are determined by glide symmetry. Then the theoretical intensities can be quickly computed for any trial structures, making use of the tensors already generated for each atom in the first step.
The input parameters of the fully dynamical calculation are primarily composed of the scattering phase shifts of the Co and S atoms, which are generated from the Barbieri-Van Hove phase shift package. A total number of ten phase shifts (l max = 9) was used in the calculations. Non-structural parameters include the Debye temperatures and the inner potential. The Debye temperatures for Co and S were first set to 500 K. The energy independent real and imaginary part of the inner potential (V r , V i ) were initially set to 5.0 and -4.0 eV, respectively. These non-structural parameters are fixed at the initial stage of the analysis and, together with structural parameters, were optimized in the final refinement of the favored structures.
Surface Structure of CoS 2 (100)-(1×1)

)
In Figure 2 , we show top and side views of (100) CoS 2 surface and the surface unit cell. Here, we have used the convention that the y and z axes are in the 2D surface plane and the x axis points down into the surface (along the surface normal). The bulk CoS 2 has a pyrite-type structure with Co atoms located at the corners and the face centers of cubic unit cell and eight S atoms located at the positions ±(u, u, u), ±(u+1/2, 1/2-u, ū), ±(ū, u+1/2, 1/2-u,), ±(1/2-u, ū, u+1/2), in which u (0.389) is a structural parameter [11] [12] , as indicated in Figure 3 . Since the space group is , there are no simple symmetries 1S-terminated (abbreviated as 1S-Term), by removing the surface S layer from the 2S-Term structure. From the structure presented in Figure 3 (a-c), it is clear that there are two domains with a three-layer height difference. So in order to compute the LEED intensities, we have to perform averages over two domains that differ by 180° in rotation.
These two domains are assumed to have the same unit cell and structural parameters. In our search for the best surface structure, these two-domain averages were carried out on all the Co-Term, 2S-Term, and 1S-Term models. Regarding the experimental side of the data, we have to average all the beams related by two mirror planes. After averaging, six inequivalent experimental beams are used for the structural determination.
In each sublayer, there are either two Co atoms or two S atoms. However, only one Co or one S atom is independent because of glide symmetry. As mentioned above, the glide symmetry was applied in our optimization: so the number of fitting parameters was reduced by half. Since the distance between Co and S sublayers in the bulk is only about 0.61 Å, this Co-S bilayer cannot be treated as separate layers in the LEED calculations.
Depending on the surface terminations, two to four such bilayers were treated as composite planes, in which only atomic positions that include vertical and lateral parameters of each atom were allowed to vary in the first optimization.
Model (c) (in Figure 3) led to the lowest R-factor R P , 0.26, and is thus the best-fit structure. The minimum R-factors of the other two terminations were found to be 0.47 and 0.49, respectively. We have therefore ruled out the models (a) and (b) as possibilities and regard model (c) (in Figure 3) as the most favorable surface termination.
Relaxation of the surface structure
At the final stage of refinement, both the structural parameters and the non-structural parameters (i.e., the Debye temperature and the inner potential) are optimized for the favored S-terminated model (c) (in Figure 3 ). In this model, the first three sublayers of Co and S are allowed to vary to obtain optimization of the surface and subsurface structure, while the deeper layers are treated as bulk. This further optimization step does not lead to a significant improvement on the R-factor, yielding a final structure with an R P of 0.23. The optimal values for the structural and non-structural parameters are listed in Table. 1. In general we found that the atoms in S and Co sublayer relax, respectively, 7 outward (toward the vacuum) and inward (toward the bulk), along the surface normal ('x'), by approximately 0.03 and 0.11 Å. In addition, the S atoms in the third sublayer move out (toward the vacuum) by about 0.12 Å. As a result of these surface layer relaxations, the width (thickness) of the outermost Co-S bilayer is expanded from 0.61 Å to 0.75 Å, while that of the subsurface Co-S bilayer contracts significantly from 0.61 Å to 0.38 Å. The vertical distance between the third sublayer and bulk is altered from 1.53 Å to 1.65 Å, as shown in Figure 2b . The relevant bond lengths of the Co-S pairs are calculated to be 2.13 Å and 2.42 Å, respectively. These values represent a 4 to 8 % change for the Co-S bond length, compared to a bulk value of 2.32 Å. The bond distance of the S-S dimer decreases from 2.12 to 2.02 Å, which indicates that much stronger bonds are formed between the S-S dimer pairs. The largest relaxation was found to be less than 0.13 Å for all the structural parameters. In Fig. 4 , we present the LEED experimental spectra for the cubic CoS 2 (100)-(1x1) surface, together with the best-fit calculated spectra. Clearly, there is a rather good agreement between the experimental and theoretical data.
Agreement with the bulk band structure
From the critical points of the experimental band structure of CoS 2 [7], we have made an estimate of the inner potential of about 4.8 eV. This is more than a factor of 2 smaller than most transition metals (including Ni [13] and Mo [14] ). The LEED analysis produces an independent theoretical quantity of about 3.62 eV, the muffin-tin zero sometimes also called the inner potential. This theoretical quantity, from LEED analysis, cannot be measured and thus cannot be directly compared with an experimentally determined inner potential from photoemission band structure. Although nominally considered a scalar [15] , some assessment will need to be made of the electron kinetic energy dependence of the inner potential. In practice, the inner potential can vary somewhat with kinetic energy, typically falling to smaller values at high kinetic energies in both the LEED analysis [16] and photoemission band structure analysis. Still both are the LEED and photoemission values are characteristic of a narrow band system, again consistent with theoretical expectations [7] .
Conclusions
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The surface is characterized by glide plane symmetry, consistent with the pyrite-type structure. Dynamical scattering theory provides good agreement between a relaxed surface structure and experimental LEED I(V) data. Consistent with our newly found ability to cleave CoS 2 (100), the surface of CoS 2 (100) is a densely packed surface, with relatively short Co-S bonds, and the sulfur atoms outermost. We find that the surface S and Co atoms relax outward (toward the vacuum) and inward (toward the bulk), along the surface normal, approximately by 0.03 and 0.11 Å, respectively. This results in a larger surface dipole, and a concomitant increase in work function. The non-structural and structural parameters of bulk and the best-fit structure:
1S-termination CoS 2 (100) surface. Here, y and z are at the surface plane and x is down into the surface. In addition, negative x means moving outward to the vacuum. 15
